Introduction
Recently, polybenzoxazines, a newly developed class of polymerised phenolic system, have received a wide range of interest, due to their good mechanical performance, molecular design flexibility, and thermal and flame retardant properties. More importantly, polybenzoxazines under spotlight is that it overcomes the problems of traditional novolac and resole phenolic systems, such as, poor shelf life. 1 The polybenzoxazine also performs several unique features, (a) near-zero shrinkage upon curing, (b) low water absorption, (c) T g much higher than cure temperature for some polybenzoxazine based materials, (d) relatively good thermal stability, (e) no strong acid catalysts required for curing, and (f) release of no by-products during curing. 2 Although polybenzoxazines possess a lot of unique features, there are some shortcomings, for example, low processability, and high curing temperature. In order to overcome these shortages during applications, benzoxazine is usually mixed with other polymers and fillers to prepare polymer blends and composites. It has been reported that benzoxazine was blended with rubber [3] [4] [5] [6] and polycarbonate 7 to improve toughness, poly (e-caprolactone) (PCL) 8, 9 to improve processability, polyurethane (PU) 10, 11 , and epoxy [12] [13] [14] [15] . Apart from polymer blends, the influence of the incorporation of nanofillers on properties of benzoxazine has been studied by a few groups. Huang et al. 16 prepared polybenzoxazine/POSS nanocomposites through the reactions of a multifunctional vinyl-terminated benzoxazine-POSS with a benzoxazine monomer at various compositional ratios. The mobility of the benzoxazine network was significantly hindered by the incorporation of the silsesquioxane core units. Furthermore, the thermal stability and mechanical properties of the nanocomposites were gradually improved with the increasing POSS content. Agag and Takeichi 17 demonstrated the preparation of polybenzoxazine-clay nanocomposites by the in-situ polymerization of allyl functionalized benzoxazine monomer, in the presence of two different types of organoclay. The glass transition temperature (T g ) of the nanocomposites decreased firstly, and then increased with the increasing organoclay content. These results implied a change of curing mechanism and network formation of the benzoxazine with the incorporation of organoclay.
Furthermore, the thermal stability of the nanocomposites was better than that of the neat resin. Wang et al. 18 functionalized multi-walled carbon nanotubes (MWCNTs) using benzoxazine-containing compound (BPA-FBz) and polymer (PFBz) as modifiers through a Diels-Alder reaction. They then fabricated MWCNT-FBz and MWCNT-PFBz cross-linked nanomaterials by using press moulding and other thermal-forming processes. The surface electrical conductivities and electrical conductivities of the crosslinked pellets of MWCNT-FBz and MWCNT-PFBz were measured as 0.05 S cm -1 and 7 x 10 -5 S cm -1 . It is believed that the attractive properties were attributed to the good compatibility between the polybenzoxazine matrix and MWCNT-FBz.
Although progress has been made, few groups have comprehensively focused on the curing kinetics and network formation of benzoxazine based nanocomposites. This is vitally interesting and important, particularly for thermoset based nanocomposites.
For example, the processing ability and properties of thermoset based nanocomposites depends on various factors, such as the composition of nanocomposites, dispersion of nanofillers, and influence of the nanofillers on the cross-linking reaction. In order to develop high performance benzoxazine based nanocomposites, a clear understanding of curing dynamics and network formation in the benzoxazine resin during cure is essential, so that the properties of the benzoxazine based nanocomposites can be subsequently designed or controlled. On the other hand, in order to meet the ever-increasing demand for thermal stability of benzoxazine, it is very important to study the thermal decomposition of the benzoxazine and its nanocomposites in system.
Thus, in this work, the curing dynamic and network formation of the benzoxazine incorporated with several nanofillers were studied. The influence of the nanofillers on the thermal stability of the benzoxazine was studied systematically as well. single-walled carbon nanotube used (SWCNT-OH), the length is between 5μm to 30μm, and the diameter is 1 to 2 nm. All the solvents used were purchased from Sigma-Aldrich Ltd. UK.
Experimental Materials

Preparation of BEN mixtures incorporated with the nanofillers
All BEN mixtures incorporated with clays and POSS were prepared as follows. The the top were placed on specimen holder using double-sided carbon conductive tap.
Gold coating was applied for better conductivity. Transmission electron microscopy (TEM) was employed to observe the state of the nanofillers in the CY matrix as well, using a JEOL 2100 FX instrument. The CY based nanocomposites were cut into the ultra-thin films using a microtome, and then were dropped on a copper grid for direct TEM imaging. Thermogravimertic Analysis (TGA) was performed on a DSC-TGA 2950 instrument. The samples were heated from room temperature to 1000 o C at a heating rate of 10 o C/min. The rate of gas (air or nitrogen) was 60ml/min. Figure 1 shows the TEM and SEM images of the cured BEN based nanocomposites.
Results and discussion
Dispersion of the nanofillers in the BEN based nanocomposites
The POSS was dispersed well in the BEN matrix ( Figure 1 (A) ). For the 1 wt% POSS/BEN nanocomposite, most of the POSS dispersed in the state of single particle sizing about 3nm, with some aggregates with sizes up to 50 nm observed.
Furthermore, the size of aggregates increased with the increasing concentration, with up to 200 nm observed in the 10 wt% POSS/BEN nanocomposite. As shown in Figure   1 (B, C & D), the Na + clay, the 30B clay, and the 20A clay layers were exfoliated in the BEN matrix. Figure 1 
(E, F, G, & H) shows SEM images of the various BEN/CNT
nanocomposites (all at 2 wt%). All the functionalised MWCNTs were well dispersed at a nano-scale level in the BEN matrix, with no indication of aggregation taking place. However, for the pure MWCNT/BEN nanocomposite, and the SWCNT-OH/BEN nanocomposite, the CNT bundles were visible at the micro-scale. Figure 3 shows DSC plots of BEN and its nanocomposites in nitrogen atmosphere. Table 1 To further examine the influence of the nanofillers on the curing dynamics of the BEN, the activation energies of the BEN and its nanocomposites during the cure were calculated based on an empirical rate equation proposed by Kamal.
Curing dynamic of benzoxazine and its nanocomposites
19-21 Figure 4 shows the plots of heat flow versus curing time for BEN/nanofiller systems at different curing temperatures. Figure 5 shows the plots of conversion rate (α) versus curing time for BEN/nanofiller systems at different curing temperatures. Table   2 summaries the kinetic parameters calculated from the isothermal MDSC experiments using Kamal's equation, for the BEN and its nanocomposites. Table 3 shows the kinetic activation energy and the pre-exponential factor for the BEN and its nanocomposites. Figure 6 shows the kinetic activation energy versus conversion for the BEN and its nanocomposites. With the incorporation of the POSS-OH, the activation energy is lower than that of the pure BEN at the very beginning of the cure. However, with the proceeding of the cure, the activation energy increased and exceeded that of pure BEN after conversion of 0.1. This observation implies that the incorporation of POSS-OH hindered the network formation of the BEN, which is accordance with the dynamic DSC result. With the incorporation of the 30B clay, the activation energy is lower than that of the pure BEN at the very beginning and after middle of the cure process, but became higher at the conversion of 0.1 to 0.4. Thus, considering over all cure process, there is no obvious acceleration effect shown. On the other hand, the incorporation of the functionalised MWCNTs displayed good acceleration effects, the activation energy dropped dramatically at the very beginning, and was lower than that of neat BEN throughout the whole curing process. The results are accordance with the dynamic DSC result. The scheme of the reaction of the nanofillers with BEN is shown in Figure 8 . 
TGA analysis
The thermal stability of the pristine BEN, and its nanocomposites incorporating nanoclay, POSS, and CNT were evaluated by dynamic thermogravimertic analysis (TGA). Figure 9 shows the TGA results of the BEN/clay nanocomposites under air atmosphere. Table 5 comparative results for the clays performed best in each group. T o : onset temperature at which decomposition started.
T c : completion temperature at which decomposition finished.
T 1/2 : half-life decomposition temperature at which 50% weight loss of the initial weight occurred. Figure 10 shows the TGA results of the BEN/clay nanocomposites under nitrogen atmosphere. Table 6 comparative results for the clays performed best in each group. Figure 12 shows the TGA results of the BEN/CNT nanocomposite under air atmosphere. Table 9 Figure 13 shows the TGA results of the BEN/CNT nanocomposite under nitrogen atmosphere. Table 10 
